Abstract. Strategies to achieve a therapy for Alzheimer's disease (AD) aimed at reducing the effects of amyloid-␤ (A␤) have largely involved inhibiting or modifying the activities of the ␤-or ␥-secretases or by the use of monoclonal antibodies (MAb). We previously offered the potential for a new, early and effective approach for the treatment of AD by a strategy that does not target the secretases. We showed that a family of peptides containing the DEEEDEEL sequence and another independent peptide, all derived from the amino terminus of PS-1, are each capable of markedly reducing the production of A␤ in vitro and in mThy1-hAPP transgenic mice. These peptides gave a strong and specific binding with the ectodomain of amyloid-␤ protein precursor (A␤PP) and did not affect the catalytic activities of ␤-or ␥-secretase, or the level of A␤PP. Critical to the development of any therapeutic for AD is the requirement that it is stable and can be delivered to the brain. We report here data on the metabolic stability and delivery to the rat brain of our lead candidate P8 by intravenous (IV), intranasal (IN), and subcutaneous (SC) administration. Pharmacokinetics (PK) of P8 in rat plasma and CSF following a single dose of P8 demonstrate that SC administration gives better absorption compared to IN and is the delivery method of choice for the further development of P8 as a clinical candidate.
INTRODUCTION
The number of individuals diagnosed with Alzheimer's disease (AD) is expected to triple by 1 Dedicated to S. Jonathan Singer the year 2050. There is therefore an urgent need for disease-modifying therapies that can prevent the onset or arrest the progression of the disease. Amyloid-␤ (A␤), a 39-43 amino acid fragment of the amyloid-␤ protein precursor, A␤PP [1, 2] is widely recognized to be the primary neurotoxic agent in AD [3, 4] . Critically involved in the formation and release of A␤ from its precursor is the action of the Presenilin proteins, PS-1 or PS-2, as part of a complex 
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of other proteins [5, 6] . Strategies to date to achieve a therapy for AD aimed at reducing the effects of A␤ have largely involved inhibiting or modifying the activities of the ␤-or ␥-secretases or by the use of monoclonal antibodies (MAb) against A␤. Attempts at inhibiting total A␤ production by directly targeting the catalytic activities of these enzymes have failed due to off-target effects as both enzymes are known to hydrolyze numerous other substrates besides A␤PP. ␥-secretase, in particular, acts upon many Type I membrane proteins [7] , including Notch to yield the Notch intracellular domain (NICD) that has critically important cellular functions [8] . Although some recent ␥-secretase modulation studies have successfully spared Notch function [9, 10] , ␥-secretase has over 50 known substrates [7] , any of whose functions could potentially be undesirably affected by enzyme modulation. ␤-secretase inhibitors have entered clinical trials because they have so far proved to be less toxic than the ␥-secretase inhibitors, but it is not known what the effects of inhibiting over 50 reactions in the cell for greater than 20 years of chronic use, will have. Data are already emerging on toxicity issues with some BACE-1 inhibitors. Johnson and Johnson have just announced that they have stopped their program on the BACE-1 inhibitor atabecestat due to liver safety issues [11] . Similarly, Merck ended Phase III studies of their BACE-1 inhibitor verubecestat after concluding that the inhibitor was unlikely to exhibit a positive benefit/risk ratio [12] . New therapeutic approaches that can inhibit total A␤ production without targeting the activities of the ␤-or the ␥-secretase are therefore of great interest.
Our previous work [13] offers the potential for a new, early, and effective approach for the treatment of AD, by a strategy that does not target the secretases. We showed first that a family of peptides containing the DEEEDEEL sequence (P6, P7, and P8) and another independent peptide (P4), all derived from the amino terminus of PS-1 are each capable of markedly reducing the production of total A␤ and of A␤ 40 and A␤ 42 in vitro and in mThy1-hAPP Tg mice. Second, we showed using biolayer interferometry for those peptides that were effective in reducing A␤, of a strong, specific, and biologically relevant binding with the ectodomain of human A␤PP. This binding was further confirmed by confocal microscopy for cell-surface-expressed A␤PP in fibroblasts. Finally, we demonstrated that the reduction of A␤ by the peptides did not affect the catalytic activities of ␤-or ␥-secretase, or the level of A␤PP.
Critical to the development of any therapeutic for AD is the requirement that it is stable and can be delivered to the brain. We report here results of metabolic stability studies of our lead candidate P8 in human and mouse plasma and brain extracts and two independent studies to demonstrate that it can be delivered to the rat brain. The first shows the delivery to and distribution of radiolabeled P8 in the rat brain. The second shows the pharmacokinetics (PK) of P8 in rat plasma and cerebrospinal fluid (CSF) following a single dose of P8 by intravenous (IV), intranasal (IN), and subcutaneous (SC) administration.
MATERIALS AND METHODS

P8 peptide
P8 peptide (sequence: DEEEDEEL) was synthesized by Polypeptide Laboratories (Torrance CA). Identity and purity were verified by analytical HPLC. The peptide purity was greater than 99%, water content was 3.89% and sodium content was less than 0.003%.
Animals
Male Sprague-Dawley (SD) rats (249-274 g, purchased from Charles River) were used in all the studies. Rats were ordered un-cannulated (for the radiolabel study) or cannulated in the jugular vein and with intra-cisternal cannulation for CSF sampling for PK studies. Animals were handled in accordance with the current NIH guidelines regarding the use and care of laboratory animals, and all applicable local, state, and federal regulations and guidelines.
Plasma stability studies
An aliquot of mouse or human plasma (990 L) or mouse or human brain homogenate (1:3 brain:PBS, w/v; 495 L) was added to separate glass test tubes. To each tube was added 100 M P8 in methanol to a final concentration of 1 M in matrix. After 15 and 30 min, 1, 2, and 4-h incubation periods at room temperature, matrix proteins were precipitated with 3 mL of methanol (1.5 mL for mouse brain homogenate). The supernatant was transferred to a fresh tube, evaporated and samples were reconstituted in 0.1% formic acid in water. The reactions were analyzed using LC/MS/MS. Each time point was prepared in duplicate. Time zero samples were pre-quenched with methanol prior to the addition of P8.
Radiolabel distribution study
Adult male SD rats (n = 12, mean weight 315 g) were housed in pairs with free access to food and water with 12-h light cycles. Animals were split into two groups; those receiving compound by IN delivery and those receiving compound by intravenous IV delivery. After being anesthetized with a cocktail (0.7 mL/kg) consisting of 150 mg ketamine (100 mg/ml), 30 mg xylazine (20 mg/ml), and 5 mg acepromazine (10 mg/ml). IV animals underwent jugular and femoral vein cannulation and IN animals underwent jugular vein cannulation. All animals received 0.5 mg P8 and the same concentration of 3 H (60 Ci). All dose-solutions were made up to 60 L. 3 H-P8 was administered by IV infusion for 18 min. Administration of 3 H-P8 via IN was also completed over 18 min by delivering drops to alternating naris every 2 min while in the supine position. From this point forward, both groups were treated the same. Blood was drawn from the jugular vein at 10 and 20 min following end-of-dose administration. At 30 min, a terminal blood sample was collected via cardiac puncture prior to perfusion with saline. Brain and body tissues were also collected and processed for scintillation counting.
Data analysis
P8 concentrations (nM or pmol/g tissue weight) were calculated using the weight (g) and DPM measured for each tissue sample, and the measured specific activity (pmol/DPM) of the dose administered. Mean and standard error of the mean concentration (nM or M) of each tissue sample were calculated. Any value outside two standard deviations of the mean for each tissue was considered an outlier and removed from the data set. There were no calculated outliers for this study.
PK study
A single dose of P8 in PBS was administered via three routes: IV, SC, and IN. For the IV and SC routes of administration, P8 (200 L of a 16.5 mg/ml solution, which was equivalent to a final dose of approximately 11 mg/kg) was administered to each rat over a 1-min period. For IN administration, P8 (60 L of a 27.5 mg/mL solution, which was equivalent to a final dose of approximately 5.5 mg/kg) was administered to each rat by placing 10 l of dosing solution in each nostril (20 L total per administration) at 6-min intervals so that the 60 l was administered over an 18-min period. IN administration was carried out using a rICD Device Kit (item#1000007) manufactured by Impel NeuroPharma (kit ID:019). Following dose administration, blood samples were taken at pre-dose, 5, 15, 25, 35, 50, 70, 90, 110, 130, and 165-min from the onset of drug administration via a jugular cannula. Approximately 300 l of whole blood was removed and placed in K 2 EDTA treated tubes and immediately placed on wet ice. The cannula was then flushed with 300 l of a 0.9% saline solution containing 10 units of sodium heparin. CSF (20 l) was sampled at predose, 10, 20, 30, 40, 60, 80, 100, 120, and 150 min via the intercisternal cannula, and wherever possible, at 180-min from the onset of drug administration. Blood was centrifuged at 6000 × g for 6.5 min and a 150 l aliquot of plasma was transferred to a fresh microcentrifuge tube and immediately placed on dry ice. CSF samples were placed in a microcentrifuge tube and immediately placed on dry ice. All samples were stored at -20 • C until analysis. PK analysis was performed using standard noncompartmental analysis models in Phoenix WinNonlin (v6.3).
Bioanalytical method for the detection of P8 in rat plasma and CSF
P8 was precipitated from samples after the addition of formic acid in acetonitrile:methanol and separated by HPLC using a 50 × 2.1 mm, 5 m Onyx monolithic C18 column. P8 was detected using a tandem quadrupole mass spectrometer (Xevo TQS, Waters, Milford, MA) using ESI in the positive mode. The parent > daughter mass transition from 1007.55 > 876.35 was used for the detection of P8. The calibration curves were obtained by fitting the log transformed peak areas against the log transformed standard concentrations using linear regression. The plasma calibration curve had a range of 1.00 to 100 ng/mL and the CSF calibration curve had a range of 0.500 to 50.0 ng/mL SC administration of P8 to APPSWE Tg mice and Aβ analysis APPSWE mice, which carry the Swedish mutation on the APP gene [14] , were purchased from Taconic and used at 16 weeks of age. Mice (n = 5 per group) were administered PBS or P8 (200 L of a 33 mg/ml solution) subcutaneously 1X or 2X per day for 14 days after which the animals were sacrificed. The hippocampus was removed and A␤ 40 analysis was carried out by ELISA (Invitrogen).
RESULTS
Metabolic stability of P8 in mouse and human plasma and brain homogenates
Our results showed that P8 was stable in its unmodified form in mouse and human plasma and brain homogenates. The half-life of P8 in mouse plasma was found to be > 240 min; and in mouse brain homogenate was > 120 min. In human plasma and brain homogenate, the half-life of P8 was > 120 min. In human but not mouse plasma, there appeared to be about 50% drop in stability at around 15 min, which then stabilized and even increased slightly. This was most likely due to the non-specific binding of P8 to precipitated plasma proteins. Please see Fig. 1A , B and Table 1 .
Delivery to the brain of 3 H-P8 and radiolabel distribution
Following 3 H-P8 administration (497 nmol) to anesthetized rats (N = 6), radiolabel reached the CNS quickly by both IN and IV administration (Table 2 and Fig. 2) . Following IV administration, radiolabel reached the brain at slightly higher concentrations (56-104 nM) than IN (36-103 nM) and was present in all parts of the brain, suggesting that P8 could reach the target once systemic exposure was achieved. As expected, animals treated intranasally with 3 H-P8 had higher epithelial concentrations (olfactory: 14 M and respiratory: 1,303 M) than those treated intravenously (olfactory: 0.26 M and respiratory: 0.28 M). The lower concentration of P8 in the olfactory epithelium may be the result of 3 H-P8 precipitating in the respiratory epithelium prior to reaching the olfactory epithelium. IV administration resulted in greater systemic (liver and kidney) exposure (0.38 M and 12. Before averages were calculated, Rat 3 was removed from the study. This was an IV treated animal and the DPMs were much lower than expected in all tissues. The efficiency of IN delivery to the brain was shown to be similar to that reported by Thorne et al. [15] , where administration of 5 nmol resulted in 0.5 to 1 nM brain concentrations.
Plasma and CSF pharmacokinetics of P8
In order to ascertain that the radiolabel in the brain indeed represented intact P8 and was not due to leaching or fragmented peptide, an HPLC/MS/MS method for the determination of P8 concentrations in rat plasma and CSF samples was used. Following IV dose administration, P8 exposure was observed with a mean plasma area-under-thecurve (AUC) value of 679,000 ± 250,000 ng·min/mL (Tables 3 and 6 and Fig. 3A) . This equated to a mean clearance (CL) value of 17.6 ± 5.65 mL/min/kg, which is about 25% of hepatic liver blood flow (based on a 70 mL/min/kg estimate). The volume of distribution was 0.546 ± 0.306 L/kg, suggesting minimal distribution out of the systemic circulation. The mean terminal half-life (t 1/2 ) was 22 ± 8.2 min, which is shorter than the observed plasma stability half-life in mouse or human. The mean P8 CSF AUC was 3,270 ± 226 ng·min/mL, with a peak CSF C max value of 65.6 ng/mL observed at the 10-min time point (first time point) (Fig. 3B and Tables 3 and 6 ). The CSF exposure represents about 0.5% of the observed plasma exposure, however this is likely to be an underestimate as it is unknown what the true peak concentration was in the CSF following IV administration. For both matrices, P8 was still quantifiable at the last time point, suggesting that concentrations were measurable beyond 3 h (Fig. 4A-C) . Following IN dose administration, P8 exposure was observed with a mean plasma AUC value of 8,780 ± 1910 ng·min/mL with a mean C max value of 197 ± 62.7 ng/mL. The time to peak concentration (T max ) was 5 min post dose administration, suggesting rapid absorption of P8 (Tables 4 and 6 and Fig. 3A, B) . Normalizing the AUC values for the IV and IN routes of administration, the percent of dose absorbed following IN administration was estimated to be about 2.8%. The mean P8 CSF AUC value was 330 ± 291 ng·min/mL with a mean C max value of 12.4 ± 17.7 ng/mL. The mean CSF T max value was 26.7 min, suggesting a slower movement into the CSF from the plasma. Following IN administration, the CSF exposure represented about 3.8% of the plasma exposure and was higher than the percent of exposure measured following IV administration. P8 was still quantifiable in the plasma at the last time point sug-gesting that concentrations were measurable beyond 3 h, whereas for the CSF, the last time point was BLQ ( Fig. 4B and Table 4) .
Following SC dose administration, P8 exposure was observed with a mean plasma AUC value of 443,000 ± 200,000 ng·min/mL with a mean C max value of 5390 ± 2330 ng/mL. The time to peak concentration (T max ) was 25 ± 10 min post dose administration, suggesting slower absorption by the subcutaneous route relative to administration in the nasal cavity. After correcting for the dose administered, the mean plasma exposure was 25-fold higher following SC administration relative to IN administration. A comparison of the SC AUC to the IV AUC showed that the percent of dose absorbed following SC administration was 65%, which as expected, was 25-fold higher than the values observed following IN administration. The mean P8 CSF AUC value was 2,380 ± 1,030 ng·min/mL with a mean C max value of 19.8 ± 8.46 ng/mL. The mean CSF T max value was 43 ± 29 min. Following SC administration, the CSF exposure represented about 0.5% of the plasma exposure, which is more consistent with that observed following IV administration (Tables 5 and 6 , Fig. 3) . Additionally, the plasma concentrations appeared to be more stable and were clearly above the LLOQ at the last measurable time point for both matrices.
Reduction of Aβ in hippocampus of APP transgenic mice following SC administration of P8
Since the CSF exposure following SC administration represented only ∼ 0.5% of the plasma exposure, we investigated whether SC administration would provide sufficient amounts of P8 in the brain to reduce A␤ 40 in vivo. Figure 5 shows a reduction in A␤ 40 in the hippocampus of Tg mice after treatment with P8 for 14 days, showing that the amount of P8 delivered to the brain following SC administration is sufficient to reduce A␤ in this mouse model.
DISCUSSION
The main findings of the current study presented are that: 1) P8 in its unmodified form is stable, with a half-life in mouse and human plasma of greater than 240 and 120 min, respectively, and a half life in mouse and human brain extracts of 120 min. 2) P8 can be delivered to the brain, CSF, and plasma of rats by IV, IN, and SC administration, as detected by two separate methods. While P8 does cross the blood-brain barrier (BBB), its ratio or relative %F is low, being <1% of the plasma concentrations, but this amount is sufficient to reduce A␤ in the brains of APP Tg mice. 3) SC administration gave greater absorption of P8 compared to IN and is the delivery method of choice for the further development of P8 as a clinical candidate.
A significant challenge to the development of drug candidates to treat disorders of the CNS is that the systemic delivery of therapeutics to the CNS is not effective for both small and large molecules, due to the presence of the BBB, which prevents their entry to the brain from the circulating blood. The most important factors determining the extent to which a molecule will be delivered from the blood into the CNS are lipid solubility, molecular mass and charge. Therefore, based simply on lipid solubility and molecular mass, any peptidebased neuro-pharmaceutical would almost certainly be impeded by the BBB. Many therapeutic peptides Table 4 Individual and mean P8 concentrations (ng/mL) in rat plasma and CSF following a single intranasal dose (5.5 mg/kg).
c Below the Quantifiable Limit <0.500 ng/mL; sufficient signal to noise to report as estimates and proteins, in addition, are ineffective when given orally because they are rapidly degraded in the gastrointestinal tract, resulting in a poor PK profile. Nasal delivery of peptides is a non-invasive alternative to invasive delivery methods to by-pass the BBB [16, 17] , utilizing pathways along olfactory and trigeminal nerves innervating the nasal passages [18] . IN delivery was therefore initially investigated in the work outlined here as we had not expected P8 to cross the BBB.
Our results showed the unexpected finding that P8 can be delivered to the brain via the blood by both IV and SC delivery more effectively than by IN delivery. These findings were unexpected because even though the size of P8 at 1007 Da is just at the cutoff limit for molecules that can diffuse across the BBB, its net negative charge was considered unfavorable for it to cross the BBB. So how does P8 get to the brain? We can offer a plausible explanation. We know that P8 selectively binds to A␤PP Table 6 Summary of mean P8 pharmacokinetic parameters in plasma and CSF from rats following a single IV, IN, or SC dose administration. C max is the observed maximum plasma concentration after dosing, units are ng/mL. T max is the time C max is reached, units are minutes. T1/2 is apparent plasma terminal half-life, units are minutes. AUC is the area under the concentration-time curve from time 0 to the last measurable plasma concentration, units are ng·min/mL. CL is the systemic plasma clearance calculated by the Dose/AUC, units are mL/min/kg. %F is the absolute bioavailability calculated by dividing the dose normalized plasma AUC of route of administration by the dose normalized plasma AUC of the IV dose, multiplied by 100. CSF Ratio is calculated by dividing the dose normalized CSF AUC of the route of administration by the dose normalized CSF AUC of the IV dose and does so with high affinity (KD of 3.4 nM) as determined by kinetic studies using biolayer interferometry [13] . One possibility therefore is that P8 from the blood gets translocated across the BBB while still bound to A␤PP. There are several reports that show the presence of A␤PP at the endothelial cell membrane [19] [20] [21] . It is possible that A␤PP expressed on the interior face of the endothelial cell of the vessels at the BBB can transport P8 by internalization into endosomes upon peptide binding. As is normal for the brain capillary endothelial cells, the internalized endosomes within these cells may then be transported to the neuronal side of the cells and once across, get released. There are distinct advantages of SC administration over either IV or IN. SC administration requires a simple injection opposed to IV. It is less cumbersome and less expensive than IV. SC administration also requires no special devices as for IN delivery. SC administration delivers a more accurate dose of the drug compared to IN administration; IN administration can also produce irritation of the mucosal membrane. While the %F is <1%, our studies with transgenic mice described herein show that the SC administration of P8 can reduce A␤ levels in the hippocampus and CSF by amounts that were similar to those previously reported [13] . Those latter studies [13] utilized osmotic minipumps to directly administer the peptide to the brain. Studies are ongoing to model the PK/PD relationship in these Tg mice following the SC administration of P8, which will inform future human dosing.
Our current and previously published studies [13] offer the potential for a new, early and effective approach for the treatment of AD, based on a strategy that does not target the secretases. These peptideinduced reductions of total A␤ (and of A␤ 40 and A␤ 42 ) do not modify or inhibit either ␤-or ␥-secretase activities. Our approach is therefore very specific and eliminates the numerous off-target effects of the secretase inhibitors while reducing A␤ to very high levels. Our technology is also the earliest in terms of intervention, as it stops the A␤ from being produced, as opposed to dealing with the effects of A␤ once it has accumulated. It is anticipated that these therapeutics will have a significant impact in both treatment and prevention modes and be useful throughout the course of disease.
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